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ATSC5011 Physical Met eorol ogy 1|1

4 CreditHours, 11:00 to 11:50 MWF and 10:00 to 12:00 T

Modality: In-Person

Jeff Snider, EN6019snider@uwyo.edu

A calculatorwith a nonlinear equation solves needed for some homework aswimetest problemsTheTI-83
or TI-84 are recommended.

Compulteelror at or vy
Materids (laboratory guides and IDL scriptajll be provided when me me&0:00 to 12:00 on Tuesdays

Preamble

Thisdocumenis a guide. Circumstances may alter the schedule. You are required to check in on this class in
WyoCourses at least once a week for announcements and updates.

Brief Description

ATSE0 1k a ¢ reardeuvaet setoitghaet iboentcd wiualrs @afnd t he behav
wi t hi n ocpliocusd silnoctlldu ddeyinaimbh Eesat wghthihgadsj vati on of
dr opnedlseatconsodlli $§tesi on growrlysofal dropheéet s aamd :
devel opment via collection.

Learning Objectives

How thermodynamic and cloymtoperties change duringpward and downward ainotion

How thermodynamic constraints are applied in cloumtelcalculations

How a computational equation solverEWTON) is applied inthermodynamic andloud calculations

How an ordinary differential equation solv&K4) is applied inthermodynamic andloud calculations

How cloud kinematics (updraft and downdraft) are coupledaond microphysicen cloudmodelcalculations
How entrainment of dry air into clouds affects cloud liquid amount and cloud temperature

Visible lightscatteringwithin clouds

How activationof aerosol to dropletgnd nucleatiomf crystals affects clouds and precipitation

How rain graupel, and hadevelop via collection

Schedul e

Topic: Atmospheric Thermodynamics and Cloud Dynamics, Clouds, Introduction to Cloud Microphysics
Reading: Sections 1.1 to 1.5 Iribarne and Godson; Chapter 1 to Section 1.8 Curry and Webster; Chapter 1 L:
and Verlinde; sections 4.13 and 4.14 Iribarne and Godson

Cloud Thermodynamick Topic: Thermodynamic processing of humid air

Cloud Thermodynanasi Topic: Cloud thermodynamics along a streamline
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Cloud Thermodynanasi Topic: An alternate theory for describing liquid amount in clouds
Albrecht et al. Geophys. Res. Lett., 17,82, 1990

Cloud Dynamicsg Topic: BruntVaisala Frequency
Reading pp. 48i 54 Rogers and Yau

Cloud Dynamic$ Topic: Longwavecoolingdriven circulations within aloudtopped boundary layer
Reading Sections 6.3 and 6.4, Lamb and Verlinde

Mi dterm Exam

Cloud Radiative PropertidsTopic: Visible light scattering withirclouds
Reading Sections 7.4.4, 13.3, 13.4, Petty

Droplet Growth by Condensation
Reading’ Chapter 7, Rogers and Yau

Activation of Cloud Droplets
Readingi Section 7.1, Lamb and Verlinde

Crystal Growth by Deposition
Readng - Chapter 9, Rogers and Yau

Continuous Growth of Drizzle to Rain
Readingi Chapter 8Rogers and Yau

Riming Growth and Hail
Reading Selected sections of Chapters 12, 13, Rogers and Yau

Fi nal Exam

Text books

Physics and Chemistry of Clouds, D.Lamb and J.Verlinde, Cambridge University Press, 2011
Atmospheric Thermodynamics, Second Edition, Iribarne and Godson, Reidel, 1981

A Short Course in Cloud Physics, Third Edition, R.R.Rogers and M.K.Yau, Elsevier, 1989
Thermodynamics of Atmospheres and Oceans, J.Curry and P.Webster, Academic Press, 1999
A First Course in Atmospheric Radiation, Second Edition, G.Petty, Sundog Publishing, 2006

Grading

Midterm Exam 25%, Final Exam 25 Homework25%, Computer_ab Problems25%
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Rul es

1) Ho me woersks einst iaanl paritn sonfg ttthhiast cyl causrs .h ol ndenwo r k

2) All assignments ( honueveorikvi a ind al ah ad ®emegn me
statement of what 1is requested.

3Yests willkctaover malthe mieaylo,rakrde antda tnege,i a ol napbu. 0 enr

4) Nlo pghedne wusel ab. | ettyvoe npeednt o communi cat e
conversation tt od otense nhoatl Ibwatyh.er me i f you | eave th
their phone in class or | ab.

Academic Dishonesty

The University of Wyoming is built upon a strong foundation of integréagpectand trust. All members of the
university community have a responsibility to be honest and the right to expect honesty from others. Any forn
of academic dishonesty is unacceptable to our community and will not be tolerated. Teachers and students
should reprt suspected violations of standards of academic honesty to the instructor, department head, or de
Other University regulations can be found at http://uwadmnweb.uwytegdlliniversityregulations.html.

Disability Services
If you have a physical, learning, or psychological disability and require accommodations, please let the

instructor know as soon as possible. You must regigterandprovide documentation of your disability to
University Disability Support Services in SEO, Room 330 Knight Hall.
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Wet bulb Temperature

This is thetemperaturen air + water vapomixture (humid air)would have ifprocessed adiabatically and
isobaricaly such that saturateénd state iseachedIn instances where thiumidair is initially sultsaturatedRH < 100
%), this process occurs #eeair is modified by the addition of liquid watén other wordsthewet bulb temperature is
the minimum temperature achieved by evaporating liquid watesidisaturatedir. There is another case. This involves
the condensation difjuid within humidair containing vapor that isitially supersaturated (RH > 100 %).

http://glossary.ametsoc.org/wiki/\Wbtilb_temperature

Dew point Process

This procesivolvesanair + water vapor mixture (humid aiahnd isdiabatic and isobarid@ypically, at the
initial state thehumidair is subsaturateRH < 100 %)andat theendstateit is saturated (RH = 100 %).

http://glossary.ametsoc.org/wiki/Dewpoint

Vapor Mixing Ratio

Consider arair parcelcontaininganair + water vapor mixturéhumid air) The vapor mixingatiois theratio of
themass ofwater vapodivided by the mass afry airassociated with the mass of vapor.

w1l vapor mixing ratio N
my

https:// glossary. ametsoc.org/ wiki/ Mixing_ratio

Specific Humidity

Consider an air parcel containiagair + water vapor mixturéhumid air) The specifidiumidityis the ratio of
the mass of water vapdivided by thesum of themasgsof vaporanddry air.

q* specific humidity=—"—

m, +m,
Kirchhoffds Equation
This expresses the temperature dependenagpobpertythat iscentral to the thermodynamics mtiasechange
The formulation shown here is for thpecificenthalpydifferenceassociated witlraporization(aka, the latent heat of

vaporization) There is a similar formulation for tlepecificenthalpydifferenceassociated witsublimation(aka, the
latent heat of sublimation)

—_ Coody,
Differential Form: a7 {c/ ¢epy)
Integral Form: L =L, €c, ¢,) (TOM

http:// gl ossary. ametsoc.org/ wiki/Kirchhoff's equ:
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Thermodynamic processing othumid air (see Problens 1 and 2 for details)

Thesalanhe t heéeddcmgivtr-eet st @at griowmasi®@ungngf processi n
t her mo dsytnaasmei eclT h e@rogcde s seefsi naerde idn t he t hi MThecolhumnat
prodessrdrpd i onf fi ci eenntgdtfadre @& hoeplel a Enieetgleset | wrhn t h e
tabl e.

Th é arsaw dfaltlesecr i bes agr bakecdedmrdghsdd mdeati on | ev
(LCL)ni titaohiag-hlet el wada(e stitaaltee )t h,a h ectasstadtee process

alongetdhkine il lusatat ait®edeommadrley friggueivevaid dtoo | a s et
States on the vapor | ineg atetebaaboverthedvhpoRH
100 %), and states bel oRHt1h0eO.v)por | i ne are subs
I;'g?el 5‘2& Verbal description Propertiesthat are End state
(see graph)| (see graph) of the process constant properties
Diabatic and L . .
{e,T} {e,T}d isobaric cooling Vapormixing ratio, Dew point
: pressureand parcel mass| temperature
to saturation
Wetbulb
temperature
Adiabatic and isobari - andthe
{e,T} {e'T}Wb humidification Apa ;ncdpaerg;r:u?gthalpy amount of
to saturation P liquid that
saturates
the parcel
Ascent to thdifted Potentialtemperaturgvapor LCL
) o . pressure
{e,T} {e’T}LCL condensation mixing ratio,
andLCL
level (LCL) andparcel mass
temperature
Cloud
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Saturated entropgnd
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amount
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ATSC501. Revsion 2024b Pageb6



Hy dr o m8itzeeo r

| neftihgbhydy omeitiz® rst adieadmeatse ra. | hny dArToSnCebt0ebdlr s dsa tzeed
radcgilm termd, otthe chal @acatde dir 9@. @d. dinz ATISL5011, hy
Size ssednpggmeo g er Hence, the c¢haraadontoepr iisst,ilcO @réa d i
characteristioudaid$ @p,] esfnda t he characteristic rad
nucl(eQuGN}p . 1

There i sabatulicchtair aic r a dGCsNt a d iainfgreo-f. 0 20 tet, | @aud dr op
r a diainfgreo-mt 3 @Gm,andadn o @ diainfgreo-i0 0 ~BWO0EM.1 ATSC5011 we
conshylér omevti @ dir i Beat dw@i@M nadl odurdop |l el gdr ameiti ¢ dvr $ adi i
bet welemmud dropl et Shesaeédir ghyodhrdorneegide®gaorfeae® dr opl et
dri zzl,e rdersoppesct i vel y.

Typical raindrop
2 mm

Typical
cloud droplet

0.02 mm

Condensation
nucleus
0.0002 mm

©2001 Brooks/Cole - Thomson Learning
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These arepictures of mixing clouds. The hydrometeorswithin mixing clouds are liquid and have aradius
equal to ~3 ¢ mBased on definitiors presented on the previous pagehesehydrometeorsare cloud
droplets.

A common misconception is thatvater vapor molecules are the objectthat scatterthe light that allows

usto visualizea mixing cloud. While it is true that the concentration of water vapor moleculess
enhancedwithin a mixing cloud, the sizeof vapor moleculeis too small to produce noticeablescatter. The

size ofa vapor molecule is~0. 0 0 0 1Forgnixing clouds, andfor cloudsin the lower troposphere cloud
droplets arethe hydrometeorsresponsible fa the light scattering. It is evident from these pictures, and

from general experience, that scattering by clouds is equally probable for all visibleght wavelengths.

Hence t he color of the scattered Il ight is fAwhite.

Problem 7investigates light scattering by clouds.

Incidentally, the material contained within cloud droplets is liquid water. This material has aconstant
density. We symbolizethat density as 7, = 1000 kg m?3.

The meter-kilogram-second(MKS) system is applied inrATSC5011.

https://glossary.ametsoc.org/wiki/Mixing_cloud
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Cl olhertmodynamisctsr eaal(sel & gppeaofbd re md 8t ai | s)

velease oF

lotent hea
during

condahSa{non

Moist
o ([ ==

drier

State 1 to state 2
Subsaturated adiabatic asceotthe LCL; potential temperatuesdvapor mixing ratio are constant

R
P, ©
d= 3 B2 P
9 —

wy =UBy(T)/ (R e(T))

State 2 to state 3
Saturated adiabatic ascent fréime LCL to a prescribed cloud state pressure; saturated entropgtahchixing

ratio are constant

% =(Cpd Motz @) In@3) Ry-IN(RO (T3 Ly(Tz}wg /1
wg = Ua(T)/ (P - &(T3)

Wot,2 = O(To) /(R - es(T2) = Wot 3

Note:Psis prescribed
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Cl olbhédd rtmodynamisctsr eaal(sel @ gpea ofb ddree 153 |

State 3 to state 4
Condensate (cloud liquid water) is removed friti airasprecipitation We parameterizéhis process using

prescribed precipitation efficiency
\N/\'4:V\#\,3C.Ql- PE).
Note: PEis prescribed

State 4 to state 5
Saturated adiabatic descent from the cloud state to the LCL; saturated entrégalamding ratio are

constant

$2=(Cpd ot 5 @) IN(@) Ra-IN(RO &(T59) Ly(Ts s /1

Wy tot = Os(Ts)/ (Rs - ex(Ts)).

Note:When usingDL& BIEWTON, you shouldgyuess the pressufg as P,

State 5 to state 6

Subsaturated adiabatic descent to the original pressyre B ); potentialtemperatur@andvapor mixing ratio

are constant

R
P, ©

ds= § &2 o
g —

ws = Udg /(Rs - &5).

Note:Ps is prescribed
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An alternate theéeqgquanduorl auwdri bi ng |

t

c

Il n Pr3jyblwemmv how t heirgmsoeddy ntaaniccasl cul at e nt hpearlcieglu
hadscends hitghRa€Clcteharn empéesat odebencpuwibilsct telde caarlec utl hartei
Sssumplt)i drpar c el i's cl osed t o nndaisnsg se x czh)a ntgheefrwei tihs
ensi bl e kead@tegweénakthe parcel and its surroundi n
onsRHMLO O0( T%)e.s e as s umpe yussth tsthga r fe odcdosmomi chpgtseedds, alaadi c

aturated.

Thi s spercetseeanntasl t epnas eh hcaltoisodnd a,b agmdcutr ae.2sglybef or
he new ceaneiasteidon 0t kteelncpwelraat éduo ted alnidqui d amoaht ewt &
ntrai nmgont W eni fxa Inlgo ut, oofr pbrye cdiipabtaétiiico eplraotcievsesleys t
e analyzatltespmpyg@&ddbolud types in tbisatatagmallsar

umuWemsi é X press t he iamoa nvaaayeshp U nkqiug @di de ch swiotch adn e

kil ogramwof l[drgyuiadi rwalt earradminagsung o0&t i1 0 qwindkcubbs s ome t

of cl oWy adiimgu(@d )water content

The mdtteeerobaysed emuathenl dpse rate of G)iquid w

(Al brecht et al. 1990; references are provided a
ﬁ,\:(U+WS)__®\2/SCD'VC'i)]S- WSCPCb__ ) 1)
Ra 0% (Fep - €s)H

Here, w, is saturation vapor mixing ratid,, is aspecific enthalpylifference(aka,thelatent heat of

evaporatio, G;is the saturated adiabatic (temperature) lapse ggtesaturation vapor pressure, aklds a

scale heightNext,we see hown,, L, , G,, €, andH are formulated in terms of temperatared pressure

ATSC501. Revsion 2024b Pagell



An alternate theaguayndduwmrrt diescalidudsy (lconti nued)
Il n ATSC5011 cWwe urdteghmamseeeeantd u p meadgasmupg,eBot h here and

Al brecht ,ett had .s o BLbPeda0h) ecoagl hclwsiiast el dry ai R)gheudon:

base temmdargatawriet,ati ong@)l acceleration

H=R, Q/g. (2)
Addi ti endlolrynul wat e -dtehpee Mdeemgtiefr ia¢ ue et hal pptdntf &
of eva)yuosriantgi &n r chhoff 6s Law
Lv = Lv,o -(C( Gpv) (TOC) T) ( 3 )
and we formulate the saturatigapor pressure as
e=g,&p(((L, (€ ¢ T)Q/TOUT {c ¢ In(H T) /OB @
In Equation 4, the reference saturation vapor pressugg #610.7 Pa.

Starting with the definition of vapor mixing ratastheratio oftwo extensive properties €.,

w=m,/ m), the saturated vapor mixing ratan be expressed as

w=e & (p & (59
At cloud base this is
w=e &T)/(p, &T) (5b)

The Smithsonian Tables and at mospheric physic:

temperatur®@)(lLa®®Hel ;r dtra d@ome 2981 GoBohren and AlD
Websltex9). The €momrmulaa@ 9 Pdblsd eane we apply.

G Xg/c,) (O Liw/(R, N)/(Ve b, w/(§ RO (6a)
Atcl oud base this is

Equation land the gas law for dry atan beused to derivéhelapse rate of liquid water content

G. {(p &)/R TO, (7a)
At cloud base this is
G‘WC :((pcb es(ch))/ Rd -IZ:@ 4( -qu)c) (7b)
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An alternate theory for describing liquid amount in clouds (continued)
Wenowssumat t hei BEppstei6bdandedsr e constvenrtts cfadr etxh

cl oudrlnay hi¢ daee vertilciaquipd owatler odontent i s
LWC(9= G(T R (@ B, 8)
where z,, is cloud base altitudend he vertical profile of liquid water mixing ratio antemperaturere
W)= AT R (@ %) ©)
T@=T, - &, R (D7) (10

In ATSC5011, weefer toEquations 89 and10 as linearsaturatecdiabatic theory.

Researchers whoebavmambagmbdsythaatteh eat pgd miy)d bas

and cl oudz,t),cker eS80 @t idem i ki abat dc MdPeer. gp dtrfec ht

al . 1 1990)
LWP= ' LWQ } Giz (H2) 0@ Q. (11)

Cl oud properftare srodigajreqdy,| aatsesdu mi ng lao bd,0 ar & hp rce:

Tabl e 1.

Pal uchafdby®gaer wodtiigoun sd ma dne@ wmmtud lucsu ddse nmonnds t r at e d

t hese aremalelhempatehdg cstaitoumr ad fetdh earywbat i c
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An alternate theory for describing liquid amount in clouds(continued)

Table 1i Cloud propeties derived using Equationsll. Thecloudtop liquid water contat and the liquid

water path assuimg z,, - z, =500 m

Liquid Water Content Lapse Rate, g’ tkkm™ (Equation7b)

P.,=900 hPa P.,=800 hPa P.,=700 hPa
Ter=10°C 2.10 1.95 1.80
Te=0°C 1.61 1.53 1.43
Te=-10°C 1.09 1.05 1.01
Saturatedtemperature) Lapse Rate, K &rfEquation6b) P..=900 hPa P.:=800 hPa P.=700 hPa
co— co— co—
Tew=10°C 5.09 4.87 461
Ter=0°C 6.27 6.03 5.76
Ter=-10°C 7.47 7.27 7.03
Liquid Water Content at Cloud Top, g¥tEquation8) P.,=900 hPa P.=800 hPa P4=700 hPa
Tew=10°C 1.048 0.977 0.899
Ter= 0°C 0.805 0.764 0.717
T=-10°C 0.544 0.525 0.504
Liquid Water Path, g hi(Equation11) P.,.=900 hPa P.=800 hPa Py:=700 hPa
Ter=10°C 262 244 225
Ter= 0°C 201 191 179
T=-10°C 136 131 126
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An alternate t heaguaymdwnrt didmns omitdundusg dl)
Ref erences

Al brecht, B.A., C.W Fairall ,bab.ew Trheommstoen saerds iAn @B .
t haedi abatic | iquid water content of -9s2t,r alt909cOu mu

Bohren, C.F., Admdsp.hRrAlcb MeaahOtdo pgynmaemi, c Oxford Uni
USA, 1998

9
Curry, J. A. Tahned Th.eJr.Wedysntaemi,cs of AbBhopphesesAand
Diego, USA, 1999

l ribarne, J. VAtaonsgdpMelLi Golk@b@opyumgami, c Rei del Publ
Dordrecht , Hol | and, 1981

List, Bmith@Eeoadni)n Met edbRdl pageasl Babltdhsoni an | ns
Pal uc h, |l ., The @@blraratentumethandsEd molsd S i
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Linear saturat eds addé bdaenstcer,itbnieamgh yourdo dbod rdeetpeg h (< 1
m)t,he pafoftidmpaenmdttuhe profil e aof mltihgneeetdh,evthdeern sa mm
entrai nment/amil»xiung of,apdaai@apiattatci cireati ng/ cool i ng.

't i s reassuekaoghbgireemetmetnitetrheeetinveecedn t hat fiinrtseid rlaatwe s
t hermodynami cs ( aasnsduhnei mue haadbidshbobl tidisa ) edo e st aopy

Linear Saturated Adiabatic Theory, Problem 5
First Law of Thermodynamics, Adiabatic, and Closed, Problem 4
Constant Saturated Entropy and Closed, Problem 3

4500

3000 - - -

1500 - - B

Altitude Relative to Cloud Base, m

ol o

250 260 270 280  0.0000 0.0025 0.0050
Temperature, T [K] Liquid Mixing Ratio, w, [kg/kg]
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Ef f elongovleovod | ngr exngpi t at i(oefer o

| eadPeS Ja i | s

Comment

1.24

Start End Process
0 1 Sulsaturatedhscent See how& is defined
1 2 SatuatedAscent See howGand G, are defined
2 3 2 °C of Cloudtop Diabatic Cooling This step is isobaric
(2 °C of cooling is prescribed based on p. 2229 in Curry and Webster
3 4 Saturatedescent See howGsand G, are defined
4 5 Sulsaturatedescent See how& is defined
5 0 Air warms diabatically This step is isobaric
2000
g
-8“
3 1000 ]
<
4
O \\\\‘\\\\"TYYY ‘ ‘ ‘ ‘ \\\\\\\\\‘\\\\\VYT\
5 10 15 20 0 1 2 3 0 3 6 9 1.04 1.14
w, gkg! Wi g kg Density, kg m”

Temperature, °C
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Entrainment/ mi xing (see Problem 6 for details)
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Entrainmegséeami Rrabglem 6 for detail s)

An unsaturated cooled and moisiened and aecelerated
parcel is by evaporation ... downward by
entrained . . - the bouyancy force.

FiG. 4. A schematic illustration of the ‘‘parcel’’ interpretation of CIFKU.
The stippled area represents cloudy air.

As shownnabdénealdepteme #dhnthive t olpoiwdshbeat ua midse d
negati ve.llhTsk bsel ytaufatdmio €« tu med luo.Wd € ee h threaiemetbhcel oiutd i s
cool ed and moi s tTehnee & taubroemsavdamtolt adtsiuol nt.sn sthhomane x t
demons$ htaleeénd r airreendcionol er and dr i erl ouhdasn ttrhaeiarseid r o
t akepsr oopnerties of thé&hssr oacuoniennwes cllaoofsgec loofud ai r
entr ailnhendeo dwed defRRl olpl] etmh & )r at ed egpfe ntdlise omi Xihreg par
Addi tj eabht hsnent / mi xi ndop thaelcedusdg umal k atehhdevonutd t e mper &

| ess t hago bparteudnicdttaitoldare. @ 1© y
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Enrai nnmexnitrdgee Problem 6 for detail s)

These grppohpsersthhoevs paranl ssfiud thiymatde oy op eotuides of
hori zadj aktema danptarraciened Atarerethehdey oni dit ghr eas ctreinbpeedr at u
deficit = 1 K (i.e., initiaThiys tilmsedpdasrecde |lon se qlu aKt
in lecture. The iert @i Rendt dpad begedapd ompteodt t he
entrpanédd aldbktltiedes represent the profiles of te
cl odildoming into the fi pguo@ewilleshpldpdgpewpwd g & delsie
cloud.

osc3.sav
1500 75—

1000 - N A L

500 s

Height Relative to Cloud Base, m

N

PRCS
s

‘ T T T T T T

7 12 17 -4 0 4 -004 000 0.04 0.000 0.003 0.006 0.009
Tpand T,, °C Uy, ms" dUy/dt, ms™ wpand w,, kg/kg

0

0 900 1800 2700 3600
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Cl oud DyCoamiepd s

1) Buoyancyi An airp a r cverticdl acceleratio(dUp/dt) isrelatedto parcel densitf s u b s ¢ randphe

density oftheair surrounding the parcéls ubscr i pt AAO0)

du
dt

F'a- h
p:g - p . 1)
p

Forsome problems we write Equatiarthis way:

dUIO A Iy

U -
i

(2
"p

Apar c el 6 guatoraf matia(Bquatian 1)adds variables (timegrtical velocity, andvertical
acceleratiopto studies of cloudsAdditionally, Equatior? is the basis for evaluatimgpnvectiveavailable
potentialenergy (CAPE) (Problem)5
2) Consequences dEntrainment/mixing

a) Evaporative Cooling This enhancethe negative buoyanayf air entrainednto a cloud Once the
entrainedair mixeswith the surrounding cloud,th¢t ® ud 6 s buoyancy (mesescaet i ve
environment) islso decreased

b) Because of evaporatipandbecause athe mixingthat occurdetween entraineair andthe
surroundingcloud, theliquid amountn thecloudis decreasedelaive tothe prediction ofsaturatecdiabatic
theory,

¢) Because ofhe evaporation and mixingrecipitation develpmentin thecloudis suppressed

d) In cold cloudqcloud temperature € °C), entrainedair cancarry icecrystals from cloud top
downwardtowardcloudbase Thistransporiof crystalscanestablish grecipitation procesimvolving icephase

hydrometeorandmay negatéhe precipitation suppressiatescribedn i ¢ .
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Cl oud Mi camgpihsyishIcesc ati tgdirt i Qlgosyms ¢ @i BRr obl em 7 for de

The first tnfrjtnhge icsl otuod dderfoipnieet Veei zdeo dihsitsr iibnudtii
def i ni ngn(ridmTehigsr orueppec eseamn tsr & thdeoinn od ndanrorpd we asa vde t w
+ drln the MKS/ diymecegndainsh e eunictu®d He nmet ¢ dh@emfsi bn
nr)i s*mt. Next, we delfdnderosphgsaleal pnridpert thiese iamet a

how ei $i ghaa diiestrdrli emu d s .

Cl oud Droplet Concentration:
N =(r)Q@r Mi crophysical Definition
Liquid Water Content:

LWC:gC")QAC?T3®1(r)Cbir Mi crophysi dald= De&f0iFn iktgi ann

LWC:g(")C'}AC"D3CN Nar rDow [Bliezte Di stri bution Ass

Scatteriogegcbef f

bs = R B2 () Cir Scattering Theory Definitio
bs =2 Gy 2 G(r)Cir r//>4 (t hd ss umppdiioaussed in |e
b =2 ®2 N Nar rDaow [Bligte Di stribution Ass

http://glossary.ametsoc.org/wiki/Extinction_coefficient
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Cloud Mi camgpihsyishIcesc ati tgdrt i Qlgosymd ¢ @i ARr obl em 7 f or de

Def i niQptoinc awlf shhit ekkkréhsotr responds: to cloud top

_ ZCt ct
U: ﬁ é) z> ZCb
Z>Zb
............................ Zcb
—

Def i niQpitanc ad;in ®te @ t3hhcaotr r e s pcolnodusd: thoa s e

............................ Z,
. Zct
U=n O
b Z
z=0
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Cloud Mi camomgpihsyishIcesc atitgdti Glgosfastelei ®r obl em 7 f or de

Her ediafrfeeea gwdti iad n svidseisbclraitbeinngght y wi t hin a c¢cl ou:d

ref erreeqdu attoi oanss of r adi at itvheer b pianetsesrea c to hvbiyids tlaisgrhi

(no absottphieit omhlets are | arge relativer/t>®34)t,heamda vt

t he-sttweam scattering approximation is valid.
d(lyp- lan)

a0 M
d{1yp+1 o)

——=—=20 g (lurQ Idn)- (2)

dU

Therearetwo boundary onditions. The first boundary condition says this:
; Y I
lptlgn @ =Y =——">—. Boundary Condition
P 1+(1 -g) &

Boundary condition #1 says that the sum of the upward and downward intensities, evaluated at cloud base

t = 2), is the solar intensity at cloud top divided gy+(1 -g) 0.

The second boundary condition says this:

\ L y
8y lan @ =0 g @ Boundary Condition #2

Boundary condition #2 is an expression forieéupward intensity evaluated at cloud bése .f). An
implicit assumption is that thiearthd surfaceabsorbsl00% of the downwardolarintensity(i.e., thefraction
reflected from the surface is.O)his is anOK assumptn for mostmarine settingsyou will see development

of boundary condition #2 ithereadingfrom Petty.
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Cl oud Micaop¥Wiysi loSscea tLti egrhitGlgosymds ¢ @i BRr obl em 7 f or de

| n etghueast ilonand 2 ( girse vtihoew Sniepaedg oY attther i ng angl e

ref earoreads the asymmetry parameter.

9= 4i i ficos(U ) Cp(cod0)) Gin(0) G0 Gl
00

http://glossary.ametsoc.org/wiki/Asymmetry factor

Bel amPeet y6s anadoythiec rsadli wattii ovrel n rnaumsefrseiad adtqiuaarn i ¢

(ProbMNeme vewotridcabheéeopbudal (it hlecknsegshe cl oud opt.i

Graphicalofdaaarrisehioovms albarv et t yos dmwal ythiec upglou inig

downgoing, i sshewrs idredestwhe definitions of optical t
t hat both the upgoing and downgoing intensities
" 1+(1-g) W

log]-'l'(l 'g) (@ p

' U7 1+(1 -g) 1O

Il n Problwemctohpsaeaeyttecabvkeyg soppt 40T (nRuanetryi,c al

derived solutions obtained using RK4.
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Cloud Microphysics andVisible Light Scatteringwithin Clouds: Summary of the Equations

1) Here isourformulation ofthe optical deptHrom lecture

o 243
3G,. O &3.9_ -
t.=2 M M ) a gzCt Ozcb)slg’ Optical Depth {dimensionless
¢ /N = ¢5 =

2) Herearetheformulations of thevertical profiles of the cloud microphysical properties

Theseequationsare only valid for zgp, ¢ 2 ¢ Z¢:

LWC = Gjye C()z- Zcb) Liquid Water Content {kg m3

o s . /3
a -
r =§3Gﬁ|\,),c"C§Z" Zcb)§ Droplet Radius {m
£ 4 g 9
133G, 0 43«3
t=2 M e 2% z0 Zcb)S/§ (z g;))m ~ Optical Thickness {dimensionless
¢ N = ¢

Page26
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Cloud Microphysics andVisible Light Scattering within Clouds : Summary of the Concept

050 7. = 10.9 Albedo = 0.62
1500 7 T T , T T T I
4 4 4 [up | [dn
| | | |
—_—— _,:, —
rd g ’
1000 +~ - - - -
= | | |
o 1 1 1 1
= | | | |
= 1 1 1 1
—~ | | | |
< | 1 | |
500 - o L . L
| I I |
1 q q 1
| | | |
| 1 | 1
| 1 I |
| I I |
1 q q 1
0! ! | \ I | L 1 ! | |

|
00 03 06 090 100 200 3000 5 10 150 150 300 450
LWC, g m* N, cm™ Radius, um Intensity, W m™ sr’

I n this graphstcleenrdehieadme atr wo sctldoewdntoldeg nstanmeh a&lyl vy
di ffer miclrhephy sitdanlcltyi.on is thd&Nt=50r nmodopar ddast ¢
(N=250% Tme c | dwd Nwiatsh smal | e adgepl epsi cadiinngtiecnksn

at cloud topreédhdcisve)hgsamgee al bedo
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Here i s-buhktudeei VaampcltiiPendo bilne m 7

function derivative ,vy, X

diminus_dtao= 0Od

dlplus_dtao = 2*( 1-1g_scat )*x[ 0]
return , [diminus_dtao, diplus_dtao]
end

Here i s RK4Le icmlPrdmlem 7

result=  RK4[lup_minus_Idn, lup_plus_ldn], $
derivative  (tau, [lup_minus_ldn, lup_plus_ldn]), $
tau, dtau, ‘derivative’ , [double)
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Ther modynalmintee pamd enn Aft mospheric Science

We appltikRear medyrmuamisiado mr at édnedés oply pitigsidoantse o f
transf @Wenaali osou dit riigeitrhsts | aw o f.Cotnhsei rsmoednytn anmitchs c | a ¢
t her modynamiiceotthe ar i dgslaet ael nceunlAF SIC& 0 4iln vad sstoi hepes den

cl oud emercgaentsiicahe p e ncd eomitdc r ophy si cal processes.

St dteet prepert yyuc hsaagtglersat eals camaeaa b dt esod mp lhe
t her modynafi ewpoSatuopyedodspancyegl wesd&decoonssana
applied whgeod opHgcékobhsrnmsstgahtuen ¢ (@fRidcb 13eamg) S8 at ed
di fferagdetsggeimedel | ed with: :tHn)e@g@d@sesluomspetdi othos mas s
with uindiswgrsron@)ttabeeaei b laec reonsesr gtyh e p a raatledl @Psp r bcoel
rel ativecbomRHMOY(Ws) .al schadamcehedebddre scri bing prec
usi pgramattdred the preThipstwaPodbdicé MsTovBbenat tegn.gbs t e s L
came tfhriosmn t he case ofPfbDbwemwdanata pmoeucnitpa rtgaetri on
temperature onat meulmhaewiae td h ecildesisdafda o fm at amhei hep

boundarwe Idadywetr ,preci pi t at(iRPrnobdliemn n5i)shed CAPE

Il n the at hovsylearceg kes tdirbevee sfndrivdear tttshcaaWe wsoah 0 w n
consideratiiomt oédbcee s atnicHdoedrs dBtheperydewicdamati r
par oweslrédsi c al equaWe oal d dnod e was etdh epaivisesld d thnad Bs | i
amowamtd ptee mitnusiédocafdfsect ed by ehhr anemeihtsoubn Xk moigie € d
el emenntter ed t h ea ntdomm e @fe nabandtwiuode ¢ ws @ chitvee samdgrdal/i mi x i 1
(ProblWemn®nmaléey hependehfeoel | owi ng topi cs: 1) nucl ec

cloud dropl etcse, c3h)pMdH@radwst,pi dfat i on
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Nucl eati on

Wat er Cil Tuhset eDrisme r

Wat er Cil QUosntee r&c t amer s

EQ1 (D2d)

EQ5 (C1)
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Maeda and Ohno

OV
EQS (C2) EQ4 (L)

NFY e TP
A bR

EQT (C1) EQ8 (C1)
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Cluster Energy versus Droplet SizMHuéred@heomryd by

S=60 S=30 S=1.5 S=60 S=30 S=15
3-1018 T I a —
H
i OF = N N ] e e e
B
3
O
-3'10-18 R R RN | ‘ R ‘
1 10 100 1000 10000 0.1 1.0 10.0
n, Number of Molecules in Cluster r, Cluster Radius, nm

The | eft alrupthe csuheopvass fgiyn e d, i mit tl e bhvaw el emo | cefc u |l e
cont ainmoeldust er. TheaparfB.thekeeght sgraph shewsluskter

radfibost hehsamer. dloit dhrad axhes Xs in nanometer (1 nar

and that the NAsi zeo of a water mol ecule is ~ 0.1

Summar:i zing

1) Leager &Y iompli es small criticalmarxadnuuns and s m:

2) Ssgnat wr &) i omp {icga ti cal r acdl i uusst earm ale nl earu ggye
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Homogeneous Condem$i@toirgn Nucl eati on

o 1.106 * x * x o 106 x w x
k= L o= 0.072J m” k= o= 0072Jm’
g g 100 ]
& &
g g 10} 1
S 5107 - 3 10712} -
Z Z
= =
8 8 10'18 [ —
< <
% %
g g 1024 ]
= o
—_ 0 ‘ L ‘ ! —_ 10_30 ‘ ! ‘ ! ‘

1 2 3 4 1 2 3 4

S, Saturation Ratio S, Saturation Ratio

Tlesger aptdropluet eatd)venr sSuadt e(Fhebpxpwvbigmmogeneous ¢ ondtememant ¢ dounc e
ancondestradafphhe ompperaosminetes oif n datThebpbeyi pdedpaopdpsasétrtBat7r. A di ff er e
approach, commonl yt-orredfpelrerte da cttoi vaast iacenr,o0siosl consi dered ifrewPnemlse o
above ,amaltClapproadcthei hbtsakanbebal fat etttheeenr do@lopkcéf vati on model s (

versiongoofa trlreaeseo)nablaeopnocknoff aplif edd ltdicdngud sed sadtl e/n t@ wwsistiohueda s ur. e me n
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Kelvin BquwWaei Kel vin Saturation

10

N

Saturation Ratio, S

r, nm
Shown thikKeed siashu (K}, ).onmhe colored squares corre:

evaluated af the mhystere wonerl g detsa rbtabcskt. t he X ax
(1 nanometer =a@dOObhami theméserzo of aT hssitzeer mol

dependenkeeel soafh utihaelE e nt ed ltegyu dthieorKiel vi n

Furthermore, tagroup 25 /( gC'R 'K)) can be assumeazmbnstantsowe write the Kelvinequation as

aa
SKelvin = eXp%__

wher aslixa08m and Ar o has di mension of meter.
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Sol ut eiddtaf t hi solgurtaep hc,o nsd earr tgrealnighh@ desmpared to | ine
al olnigne 5 comparFeodr treedlpiomeng4eessure at tihe isnudif aate
' inénlot heri Iwbirtcdssteesat ur atdiesscwapodApr anyotlis ked
temperature greater than 273.15 K, the vapor pre:
increased solute concentration.

7 _a trm

-

i

i
&
i
i i
i i
I §
I i
| i
!
{
i I
| I
{ I
| l
1 1

QT'"'-"'——"'""'-:.
Do

z
g
527 % v Tz %
Freezing posrt. Boiling point

Fig. 7.12. Schematic representation of
the dependence of vapour pressure on

temperature: )

— i id solvent; 2—pure solid sol--
éen]g}lr.ae, Lliqléltnd s5—solvent above solutions
with increasing concentration of the non-
volatile substance; curves 71, 3, 4, and 5
diverge in moving to the right since (po —
— p)/po = const and the difference po — P

increases with increasing po-
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Haze df(dwbety, 1977)

80 THE WET AEROSOL

o o
RH 20/, 23°C
K;CO3 457 RH. 3

NoBr SCRR" cummaliiliR
- AN > e
Na Br 587 RH. . . RH 74 %
o9 Lo @
CoCl, 657, R.H. RH 75 /o
; )
’«’f_cgczz s en €

RH. 64

RH. 775
’ -

Yewo J
‘ CoCly 68:5% R H. ‘

(NH,), S04 79)/RH
= —— e RH. 86 Y,

(_Nf:\_? S04 79 z_sZRHe‘

L

o
o o R.H.95 /o
(NHg)2 SO4 827 R.H. ;\ Bl

KCl 87/,RH .97 %,

o
KCl 89/, RH.

L

o
K;50; 97/,RH. e

-y
K504 98/ RH.

Fig. 4.2, Phase transitions for laboratory aerosol particles.

Fig. 4.3. Phase transition for a natural atmospheric particle. (The upper particle was
identified from its phase transition behaviour as a giant sea-salt particle, the lower particle
was an insoluble mineral particle),
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Derivation of thkRaKe hl er Equati on

Consider a solution containing water and dissolved salt. At this, pardre considering a bulk
sdution, i.e., something youareateby dissolvingsaltin water. By definition, a solution has two components.
We will useasubscript( o jo indicate the solvertomponen{water) anda subscript(fi 2) to indicatethe salt
component.

Water activity @) is defined as the ratio of the vapor pressurhe surface of solution divided by the

A

vapor pressurat the surface giure water (i.e.a, =g/ ) . According to Razanbd t 0s
expressed in terms of a vant Hoff factoy dimensionlegsandin terms ofthemolaramounts of water and salt (
n,and n,) in solution

1 m +i @]2 l
Equation (1) arranges to Equation (2)
1
= (2)

1+iCQ.
M

Now consider an aerosol particle that is spherical and composed of sodium chloride. If the particle is exposec
water vapomlt RH> 80 % the sodium chloridgarticle deliqueces and becomes a haze droeice

deliguescence is completgeferally thisonly takes a fevgecond) we can say thatll the salt is dissolved and
thatboththe water and salt contribute to the volume oftthee dropletAn approximation is to say that the two
components contribute to the volume of the solution separately. fiigenple amount of water within tHeaze
dropletis

40 £, (s s
nl:?p é/lz (o r7). 3)

Herer, is the radius of the dry salt particl¥], is molecular weight of water, ardis the radius of theaze
droplet The nolaramount of salt in thhaze droplets

_A4P 2 53
=5 262. 4
n 3 M, d (4)
Combining (2), (3) and (4), the water activity can be describ&stims of the vant Hoff factor, the two radii (
andrq), and purecomponent properties
1
& = 3 )
1+ EM s
rcMz (r - rds)
Assuming the second term in the denominator of Equation 5 is small relative one, and making a Taylor series
expansion, Equation (hHecomegquation (6)
3
R L (6)

rcMz (rs_ rd3)

a =1

Saturationover the surfacef ahaze dropletanbe approximated as the product of water activity and
the Kelvin effectln this representatiome assume that the vapliguid surface energys) is not altered by the

presence of salt. With these assumptidgg,., becomes
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Derivation of the Kéhler Equation 7 Page 2

(7)

S(ohler = . rﬁ\Ml F‘_;

rM(

BB >

For mostmeteorologicahpplications, the Kelvin terns linearized In that limit theKdhler saturations

~

M N - X
réM2 (r*-v2) % @R O -

After multiplying out the two terms on the right side of Equation (8), and examining the result, we see that one
of the four terms is small in comparison to the other three. Neglecting that smallest term, the right side of

Equation (8) becomes
s 3 2s
S =1 -8 B P ©)
r.M, (r -rd) f@QR, Or

Skohler = (8)

»o&;lag Qo

Also, in Equation 9, if we negleq;té% relative to ther3, we get Equation 10

e (10)
rCR'IOrO M, 1

S<ohler :

Going further, wedefinea=2s /( ;1 B Ty (from our discussion of thiéelvin equatior) andwe define

b=i &M, r’@X /M) andnote thafib dis proportional to themount of salassociated with the aerosol
particle thatthe saltamount can be expressed either as a mass: (,4 @ /3) or as a mole amount (

n,=r,4 @ /(3M,)), and that in either case the salt amount is proportional to the volume of the dry particle.
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Derivation of the Kéhler Equation i Page3

Equation 10 is the Kohlequation, buin meteorologyit is presented this way

Sener =1 & 2 (11)

r r

We note that there are three terms on the rhs of the Kéetion (Equation 11). The secotedmis the
curvatureterm Thisrepresents the Kelvin effect, i.e., the enhancement of satudateoto curvaturef an
interface The third is the solute term. Thiecreasethe saturation for the same reason that the presence of
solute lowers the vapor pressiatehe surface of a flablution.This vapofpressure loweringvasgraphed
several pagesback.n t he next s e &P ihdegeura twieo nwitlitbeadiesseaithidees ur f

obhaze ddamamplddtecur atsonf ackowdd edr op
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Ko hlcar Yesary,a 0.nD6G oedi umpahh It (ogcel esoeb 8) & m

Consistent with the di sxmusaerons @oinr y dredsiyomddRoird z € dp

radat sk’hl er malgjmuey, and radius at any rpTohk°th loenr
curivre t lpeane@generbayt eadppl yi ng 1Md,)ecluil @& r(ad,gna sesntdyn t
Hof f (idfcotrorsodi ubl o hnl etdhieches m @ hpa hheylgr oscopi ¢ fgorrowt
the game.n0D6oedi um chl.oride particle

max

1.002 ' :—_, 4 :
Sl]'l'.l‘ EF
2
1000 £ 3 s
o 5
5 5
z | S
20,998 - ! : 2 2 g
J’ )
| Q
! z
096 | 23! T
0.1 1.0 10.0 T 08 0.9 1.0
Radius, r [um] Skonter []

Heries K°hhelmant hemati cs

S =1. /T B/ P,

where,

a=2G I(rr@®R, Q)

andb=i © MOr)/Or M),).

The maxima are related to tKéhler parameters as

., =vdb/a
and S, =1 +/4d /(27 4.
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The Kdhler equation, haze droplets, cloud droplets, an@erosotto-droplet activation

Computerbased models ofeaosotto-droplet activatiormustdistinguish betweea deliquesced aerosol

particle (aka, &aze droplgtandacloud droplet This is dondy making a comparison betwetre ambient

saturation §) anda maximunKdohler saturation §,,,). The lattercorrespondto a r, andits associated Kohler

curve

Here is howa haze droplet and a cloud dro@e¢ distinguished

S< $nax
Haze droplet
AfUnacti vatedo

S> Snax
Cloud Droplet
AActi vatedo

In an upcoming lecture, weill see thathe ambient saturatiorS(), assuming ascent, increases with
increasing timeTheequationhas S increasing to @eak valudarger thanS = 1. Thatvalueis achieved after
a few tens of meters of ascent abane.CL. SubsequentlyS relaxes to a steaeltate value (smaller than the

peak S, but greater than 1Relaxation toa steadystateS occurswith ascent te- 100metersaboveanLCL.
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The KE®hlueait ilbmmze dropl ets, cltodirdo direotp | &d tsi, v aatnido m e |
Aer os ol ustehkermtkiqsutastprosmmtiazce dicepbehi ngat ehesapo
subsat<rlgWeeds aw pi ct ur eisn osfu bhsaattreurrdanoefdiv e ma iywbes nboovwo K
knowihdze dizgéeer mt haenmdb ibegnttu (D)t | ey triadlrgts @nd t he
chemical composition of the dry particle.
Another applicatiorof the Kéhler equatiors in computemodels ofaerosoito-droplet activationin
this problem,theambient saturatioaxceeds onéS > 1) andis compared ta maximunmKohler saturation (

S,.)- We now knowtha knowledge oftr, , aerosol compositiofwe assume NaGn ATSC5011) and the
Kohler equation are suffcient for specifyingS, . The exampleshown belowhastwo different aerosol
particles ¢, =0.02e m a,x@04 e mandhasS = 1.008 (bluehorizontallines). AssumingS hasincreagd

monotonicallyto S= 1.0@B, the sizeof the droplet in the lefpanelis constrainedtthe intersection of thelue
line and thdeft branch ofthe Kéhler curve In contrast, theizeof thedroplet in the righpaneldepend on the

duration ofits exposure tc5S >S,__, . An equation describinthetime-dependengrowth of anyactivatedcloud

dropletis developedhe nextsection

S< Shax S> Jnax
Haze Dropl et Cloud Droplet
AUnactivatedo AnActivatedo
ry= 0.02 um ry= 0.04 um
1.006 I 1.006 E—
Smux / -
e - \ Smam
£ 1.000 - . £ 1.000 - .
2 S I
v w2
o994 | 0994 |
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
Radius, r [um] Radius, r [um]
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Energy TranspofCtobDdophdt from a

I n |l ecture we consiiwietadkkeduveeldulesung éd rad pir et ainmd h
di fferehteée nMfpreamt ure and humi NV t yeldhwrsdar yd rwoapn kot ltovse
the diffusioht &iquead i foomr munldae f or t ennsp eorfa tduirset aanncde
dr otp.leaWwd er if wednu |l ater d e @ rhdeinbelaegtgh e t r asraspoars $ . oRe s L

are summartiteeedf ol |l owing two equations:

Rate ofsensible energgransportoutwardfrom a cloud droplet
Qout =40K @, T )
Rate of vapor madgsansporinwardto a cloud droplet

Mn =40rD O vs(Tr) 2

I n Equatanbntednpip ehet s y mbaontd e readptl empesr at ur eT, i s s
I n Equayii © atnmbd veanpto r  aredy §(T,) iys vtatpeo rt wtehdes o pluef aer
gr owi ng r\pl:r/q,’g(n'rt)and I tnhdiissclaa te vapor iinsvatorda msep arr toipd gt

I ntuitively we know that vapor r eacehsiumild atirigeeTrd rtohpa

Based wadwbat sspertleevi ous two paragraphs we sd dna
wi vhpor 1 nigmwgoda dr opd enaeinzihd) gwistplor t i nad rooupt!|weatr,d
can i magi-nteataersg e alydighedat ®Eemsvhbkt b energyenmedlyg wor

associat ed wiatrhe nbaasl sa ntcreadnns por t
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Ti me t o Hxrtoaphl$dites@si at e Ener gy Budget

Startingewst blacnldenmearagsys port equati ons apmodgmes tp
equati amofpdretads t emperature. We nditréswt toatr mtoldiy 1 amé

in rate for m.

"o o O 6M) e (B9 (3)

Coupled with Equation 3 is a prognostic equation describing how droplet radius varies with time. The latter is

easily derived from the mass transport equation (Equation 2 on the previous page).
<) )

Il n the graph shown on t he nTex tiQp agghed aveh tasmsautm
(S=ryl s(T)= 1.01) ar & uadrhsetra nhtleseo fitreitpiea 1djta& = W and
use RKempdoteptd emper atur ei ks niett i celwax e @yl @ figpup er a

shows dbematiber of time required for this isTappr

t Oyp.wewi d$ sumadrtcmltet 6s ¢ emipieartalkdulnet i 6 wet bbkebt ue]

and in homgwat, kowhiXx h Isst atthee vsetresaidoym p@f i E ghueavihl itDdin t

function cal lakd NEEWEOMeanibu | dv.dleunpteegdcat ur e

0= K (T Tr LF)D (ry Ogs(Tr). ®)
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Ti me t o HExrtoapbldeitesahsd at e Ener gy Budget

Smo= 1.02 Tkrmo =283.15 Tkwb =283.34 rmo = 1.00e-005

103 T Kinetic Wet Bulb Temperature, T,

Droplet Temperature, T,, °C

9.7 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.000 0.004 0.008 0.012
Time, s
20
g
=
2
E 10 -
°
2,
QS Note: Radius increase is negligible
0.000 0.004 0.008 0.012

Time, s
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Derivati on eMa stéhwopu aMaixove | |

Il n what 6ehbk bitvbkaentdb drearageys qau i porness ent ¢the pr evieous
mani ptloataed i ve -MlaseheaNMavaabdeuagt itdin iMMegbht evonat
I ni dérr i vahuminddtheedar ga cyoannddj,t i ar e tcdhaann8y.elT s

change of fwvarm alalpeor dmals estaystitbeora s a b wsrad tufradcirhdetotmp | e t

surfiacehe vapoegmassonransport

Tederivation st dirrtasy widt mo d yalsaampamien @rset gatdiyc st &

0= K ® T LD (ry O (63)

Rearrangindg=quation6a, we have
D , .
T-T) 228 g 0 (@)

Starting with Equation i we define thembientsaturation

v

= 7
JVS(T) @

By combining (6b) and (7and via a formulation of theaturatioratt he dr opl(iet 6 s sur f ac:e

S =ryr ! Gs(T)). we have

Da, 'Q s(T)

(T-T,) + G

a. (_3_0
? v ry,s(T) Q . ©

lgljy® c | A &firsiiai SfthRN@yihnficéRuming steady staté\s such, e droplet temperaturecanbe represented
with Twb (the kinetic wet bulb temperaturedr with T:.
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Derivati on eMa stéhwopepu aMaixome |l (lcont i nued)

The #&Mati on derivation requires a-CTayleym @aine oin

What follows is that simplification:
aeS(Tr)o Ll 18 L AT -Tg
TR E TR ErE
T ag,q L, AT, - TO
EAVS( &R ro v &l (ideal gas equatiofor vapo)
C SR T 2 R/ ¢
a T)3,9 L, 2T, -T@
Mo s C%rTB (approximatioron rhs)
va(T)G R ¢ T
ys(T)0 L, AT, -T9
%lm -V c%r 8 (approximatioron Ihs)
va(T)— +
dvs(Tr) L AT -T2 (Taylor series expansion of |hs)
Jv,s(T) R/ € T2 =
}v, s(Tr ) C%r 8+1 9)
Jv,s(T)

Combining Eqguaweohavé and 8

DA, QT) &, _ AL.4T,-% &, 00
T TS SR B e &
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Derivati on eMa stéhwopepu aMaixome |l (lcont i nued)

Rearr&rtqguiamg}oamndOsbmplbfy\l/ihtg\JjS(T)éErrmgﬂs('l), we get art

exprefsssrhendi fferenmempbeaawdraplt & mb ateedniptelreat ur e

) _Dvav,s(T)C"QS )
. &12Dr, T)

2 KR,T?

(Tr-T (12)

Combni n)g apldt a(n2d r e awe amiyg i inlgpe MM eqlation (Equa

dm__ 4prds §)

~- 3 . 12

&V _+_ =
&R, T2 DOys(T)

By way of this derivation, the dropl &itnegrodwtth
i's t he astattuhoepd eromaWe know how utso nfgo rtnhuel aKi®eh Itehri se g

Addi t iionn aH gl uyamei aral &€lp2e, n d e nctreo dne tipheerTa.t ur e (

ATSC501. Revsion 2024b Paged7



Derivati on oMa stéhopu avtaixome l(lcont i nued)

The ¢1i @pl raegagcuki nroewsl etdhgaetime o t &d rvoopillésmt% nidt s mass i

%pr3¢.Acknowl edging that the dropl evii tShiSzédei rtoiphet
increatsbkme ahtledentwiea targrgavtel oant 1 3.
M _ a2 & (13
dt dt
Combining )wk2)o lad rmdom(el 3c o mmbMM feogruna toifo n
dr 1 S S-S) . (14)

é’lngﬁ; 1
F® © Do

a compacform of the MM equatiorms

dr
a—? % GQs 089). (15)

In Equations 14 and 1%he Kobhler saturation is

b
_g .

a
Srl §oh|er 4‘ ?’ r
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Summary of the MaxwellFMason Equation

Accor di ng qtuoa titithapu sNtMd entl be dr opl gdid)girepwtnid sr atne

1) Droplet radiusr) (Note Everything else the samasmalkerdroplet grove fasterthanalarger dropled;

2) Air pressure (Noteghatvapor diffusivity (D) is an implicit function ofpressureand curiously, the diffusivity
increaseswith decreasingoressurg

3) Air temperaturéT ). (Note: This dependences seen explicly in Equation 14 Also, the propertieX , D,
andLy areimplicit functions of temperatuje

4) Ambientsaturation(S). This is thesaturatioraway from the droplegurface

5) Saturatioratthe dropled surface §). This isformulated using the Kéhler equation.

Il n madalts describe ,c|lohBlisantaopgheti sgrrcawtchul attieodn u
we dewextboWe will refer Sppogheqs & Elichee@mbo maa Mdinh e f t
equatain@nSphegnostic equati oi1€ondé¢ h Pryes Vmoesid énr rPe o btl e ne
i nt egheatmcdledis BK4 wexamidcve t he prognosti,c ambi ar

saturation, etc.) wvary with ti me.
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Th&prognosti tTakqgeu alt i on

This seovisad opr ognosdsfiogor emeairattaivesmy offir eap bae f a Kiee
f i ndamrgo g neogsutaift @ roantn b ieseanttu (SaWe omef er t o tSpea ogouwasttii
equati ospoomgaPstthee sadaakthowg, hwmi di ty v &nshetsu rdautre
airAccording to t hearnmnadd@mebeend )(ysapara t nir xaitoings winvdexk=ti o( i
O)Al stch,e i ndSgaral0i swi tches toS=cdnpshadfidhheaddcmpal € ©Oino K
secitiwieonwi | Lalsewe tthtd@ rndcCrLeas &s Theyvonmnksult il @

t her modynamics

Deri vaft iSpmeo g nsotsatritas apphdef onmiv@ipor mi w)i nagndht i

definiStihegs ewef e meinte. , E g u atrieo nc olmeb i anreidmo hbn) E g
e _e@
w=—@— (1a)
-€ P
e
S=— (1b)
&
eB(
W= p@"S 10)
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Th&prognbguattlTeakhe 1 (continued)

Bytlai ng tdheer itviantei v d coofd Eqqpumltyiiomg t h-dec haaShciamnal e

be r eldatde de/tdba ndp/dt

1w s S, S4le. S@"Scfi) @)

e dt p dt p dt p
Our objectives/dtast a f obnocvubiratniecoaflu) vahdctit he (i me

of vapor mwxt) ngWebhbegckhknowl|l edgi ngpteme emem@d@drf st «ro

d L @&
fromitfhfeer ent i al fCd ram e froth'@—%@l H-DiNU S
mey 0h e géad'a@

des _des AT _ Ly @ T .
dt dT dt R, dt 3

Next, we adadifpuleatte al form of the hydrostatic

dp/dtand. The r esuHquatsi ssrh odwh. i n

d_z_-gq (4a)
dp=-9Q @z (4b)
%):_ L z:_ i

P-.gqdZ--gq @ 40
14 g =gt @ ad
pdt  °p TRax@ )
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Th&prognbguattlTeakhe 1 (continued)

Thgas | aw-vfaoprort hnes xatimmec @er por at e dWe nn &¢t,& qtsldaetco ri i

gas contshhreawmt uf er w.e p eMpdpsr ik eRy,i noget Bq mad4 € on

1.4dp . gW
pc%t@Rdd' (4e)

Equat2id3amsladeostuf fi ci ent for ouds/dodg ea tfi wrexnadf o rd

dw/dt. The fi nal i ngredientficlemetod f modany mamisc ©l.e r We | ¢

extedsiVVerential forTmhiod itshewrfiitrtsdan |fa@am @&nxt&insi va
prop-érst  symbodl i zed 0

dH =adQ «dP. (5a)

The process we are envisioning is adiaba#i@ € 0). Further, we acknowledge tham the Ihs of Equation 5a

the enthalpy differentidtasboth sensibleenergetiandphasechangeenergetidgerms (e.g., see, Iribarne and

Godson (1981), their Equations 99 and 100)

(Calny €, MO C+m) @T O dy+ VG (5b)

ATSC501. Revsion 2024b Pageb2



Th&prognbguattlTeakhe 1 (continued)

| Equabhbtcods are the masses of thentdhieguweding o
Equabh ofmy+m,+m), and owd dmer é htsg a msh, witthle appr oxi ma!
Equabcon
Cpd @T + Ly, Glw@v Qp. (5¢)

On the rhof Equation5c, V is specific volumethe ratio of thezolume and magsand we note that the

reciprocal ofV is density.

Il n the fqogwéchwiEge ad tbgpaikbtghe di f f er ednetriiavliast iivnetso
AT .dw dp
C & + L, di— = vdj— : 5
PA¥gr "V oar dt (59
We also use algebra to solve the emperaturdime derivative, and substitute Equatémfor do/dt. At this
point we acknowledge that thelumeto-mass ratiqaka, specific volumey) is the reciprocal of density .

We end with arelatiorshipbetweenhe temperaturéme derivative U, and av/dt

dt Coq C,y dt

(Se)
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Th&prognbguattlTeakhe 1 (continued)

Now we x@ads/gisi n t eu asmsdwodi. Too dt hat we

Equa2i on

Lgw_es S Suby® 80 4, Ly &8+%c;9%§.
P ¢ +

Udt p dt p R, g2 Ed Cpd dtQ

With algebra we get Equatidh

d_szs(ég LG - g“ 8@+ge_i?+ SO“Z’ SCSM.
dt dec'RV("jZ Ra 8 éﬁb}s cpg (R, 728 dt

There are severgalt 6.aopipd i a&lalt | manse 0,f

put

(6)

ah e

Equatic

gdiemmpift i

dropl etaitfmlat s stuhe odnaplcdtos)ed t o mMBuUT reoxnlda mme , wie

i's no transport ofisemsti bodfel|ltememayr (aka,

heat)
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Th&prognosti tTakqgeu alt i(ocnont i nued)

| n t hes whassaetawlf &S€E)d, whaiscche idsi n@) n. 6 Sianycsr etahsaets
i ncr eas(dShd>0t)Asnced mtad chhel amwvCL i s an eAXasngd en o f atphhdi is
ascefntair devoi 8=0.f Avanteecrh avnaipcoarl (analk pg rodireghhi s i

t hough .Ant ax b mpteled anf btehd nvestigated at this |ink

https:// www. grimsby. ac.uk/ documents/ frperc/resea

Anot her applicafFoainr of htEtgffad, 68 U et haSB b jwet ed n
s edw/dt=-dwa/dt. Thi s itnhpel I e sil £ malhdwggids (Ccomstant 3eaberse
(i Se. 1S>»Ir) we camnrS=sdbseni theer hisswh s tEiqtuwatt ii @mn i6s 4
uppleiriits approXi mandcla llawerrr kisumiotp biést wmlhaetrieons ar

in Problem 9 % 0).n9 6F iotahteilr zcacici.skshl ,i d atrighera Ss | i ght | vy

| ess ),t haaand lal | satuhSgptriogm®sitmcbetsween,

dS_ge Ly Gy g 3. gep L\Z, 9 dwa

d__ .. ..2- = 8(DJ - = T .. 280d (7
t éﬁpdm\,a Ra T8 éﬁ@s cpg (R, (728 dt

.éSurce Terméé®s nk Ter mééceéé
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https://www.grimsby.ac.uk/documents/frperc/research/aircycle_research.pdf

Th&prognbguattTake 2

We nprwesaesobmewhat di fSiperogmtosftorcmeaqfuathen. Thi

Equations 2 W& oamns e radnedt wiatthh t he a mp rEgxi8sha oinor2 t ha

ds 9 ldw L, dT

d¢ RT wdt RT dt (®)

T h e moodve | udnedveerl ocap nseom thpaose § n ¢ e q uaitn oenlt deroapretr dast u r

This is obtained by wgeadbn e mgatEigumati on 5e with
ar_ g, L dw 9)
C

In addition to the prognostic for temperatuig@ation9), we also have prognostics for altitude, pressure (Eqn.
4e), liquid water, and droplet size. The lagb of these depend on whether droplateunactivated (haze
droples) or activaté (cloud droplet). The userdefined derivative functia) for both hazealroplets

(unactivatedpnd cloud dropletéactivated) and model outpytreshown on the followinghreepages.

Summary

Prognovati ablCesden fhhsiotse Is aaruerSht e mme (Tt up e®$ s u
anal t iz.Theesrepraoperties of the aiAddiuriromdaldisyn,g wbhe |

mi crophysical variables. Wheaaedoapd e&tl isquied (wat er
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Condensation Physics Mode(see Problem Jor details)

dz

— :U

dt

EH?=-gC}—llr—du

dt Rq CT

dr 1 . . ..

- == G S )

dt r ,_[ Cé (ﬁohler)

%:410 /[’ (")az(")cﬂ-

dt dt

d_T = 9 uod ﬁ.. M

dt  C, C, dt

ds g 1 dw. L dT
== 2 Udp =-—LO—T - —
dt RT w dt RT di

and

b

a
SKohIer_l T r3

Eqn. O- Prognostic for z

Eqn. 1- Prognostic for p

Eqn. 2- Prognostic fothe sizeof activated cloud droplst

Eqn. 3- Prognostic foliquid water mixing ratio

Eqgn. 4- Prognostic for T

Eqn. 5- Prognostic for S
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The condensation physicsariable map (see Problem 9 for details)

(O]

.Ec;sLIJLIJLIJLIJLIJLIJ

0O | z

1 X

2 | X | X

3 | wl

4 | T X | X X | X

5 | S X

Derivative functions (there are two)

function derivative_cloud_droplet X
G = 1/ (v 4D™ 2 7 ( 'Keon *IRv*x[ 4] 2)+ 1/( IDiff *rho v s | (X[ 4]))
w = lwtot - X[ 3]
dz dt = U
dp_dt = Slg *(x[ 1)/( 'R *x[ 4] U
dr_dt =( Ux[ 2D*(  1/'rhol)*G*(x[ 5] - 1d - lkohler_a /x[ 2]+ lkohler_b /x[ 2] 3)
dwl_dt = 4*1Ipi *Irhol  *lalpha *x[ 2]" 2*dr_dt
dT_dt = -(lg 'Cpd)* W +( Iv (x[ 4])/'Cpd)*dwl_dt
ds dt = Slg *IWU/(C'IRA*X[ 4]) - (1. /w)*dwl_dt - (v (X[ 4D/ 'Rv*X[ 4]~ 2))*dT_dt
return , [dz_dt, $
dp_dt, $
dr_dt, $
dwl_dt, $
dT_dt, $
ds_dt]
end
function derivative_haze_droplet X
G = 1/( v (x[ 4D 2 7 ( 'Keon *IRv*x[ 4] 2)+ 1/( IDiff *rho v s | (X[ 4]))
w = lwtot - X[ 3]
dsS dr = - lkohler_a /X[ 2] 2 + 3. *lkohler_ b /x[ 2]* 4 ;"slope" of Skohler - versus - radius
relationship
dz_ dt = V]
dp_dt = Slg *(x[ 1)/( 'R *x[ 4] U
dwl_dt = od
dT_dt = -(lg 'Cpd)* W +( Iv (X[ 4])/'Cpd)*dwl_dt
ds_dt = -lg *WU/( 'R *X[ 4]) - (1. /w)*dwl_dt - (v (X[ 4DIC 'Ry *X[ 41N 2))*dT_dt
return , [dz_dt, $
dp_dt, $
(1/dS_dr)*ds_dt, $
dwl_dt, $
dT_dt, $
ds_dt]

end
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CondensPAysldomdcébee Problem 9 for detail s)
2300 1.02 U=03]
U= I,ng
1.01 4 U=3.0}
£ 2200 - - @ :
. =
O R
E 5 1.004-
= E
< 2100 - A
0.99
2000 oo ./
098 0.9 1.0 1.0 1.02 0 150 300 450
Saturation, S Time, s
2300 '
Thermodynamic w(z)
£ 2200 - -
o
=)
2
< 2100 -
2000 | ,
0.00 0.05 0.10 0.15
Liquid Water, w,, g kg''
2300 Y A
£ 2200 - -
o
=)
2
< 21001 -
2000 L | ————
0 4 8 12

Droplet Radius, r, um
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Going Beyond the CondensatiorPhysicsM odel

2650 2650 7T
w=0 I | w=4
Smax= | \‘ Smax=
L | [
g 2600 g 2600 :
S i o 7 N
< 2550 : < 2550 || :
I ‘/“ /‘" /
L L ]
2500 2500 |11
10000 " Broplers 10000 " g legs
Unactivated Particles : Unactivated Particles ,
k _ Activated Particl | " i i
g 10005 ctivated Particles ; g 1000; :_”Actlvated Particles :
néb néo L T ]
o S P o
= T 5 mn . e |
s T | I
10 P B R P I 1 10 | R I T W
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
Radius, pm Radius, pm
Model oafputohodi aIpags  cemlewl experiencing cl os

ascenftdr €éerences ar et a@omalrea Ptayt sNwodppal reesde nttoe e pr e
pagk) sAt of aeiremsfidnla gogliedddis ms partiasbecsraexgedsieny
acti vat ido®lped eCEesndensat ilbassnmyes icd sa s daehldapraer ttihced e s
par ametfrearsdaser af(tw sp elrdd. aihnsr e exedesewtthmdo t i cl e

classes correspondiam@ t@ets mal le a3 i fael cotundo bl | € r z{ @b @ &

andm5i nbotthleemtboa wrd mpht pametisgp dsp @Edeér ol e e
di stributions presented i natlhtei D®8& oam. t wo panel s
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Wh aitBappeme mg?
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Ilcer ysftaallfsi aam| ocuodnt ai ni nsgu p(emmocsotol lyeddi sd m @ [l & teroyfsgi al s
seabovebathndeleen t wo mi Bdteuheusaken in Laramie, WY
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| ccer ysnual e@anmn eal surbfgacdew vi shwla@ osi zl.énft fhAesti omat e d
Surface Obse(ABSIO8ga &y stt kensbepagiameofr et At i VO O0@um) di
anthe temper at urtee napnedr adielwe epé@Pnet. For t hesesatandtt
with respgxtl.P®6 steaeleens i n Laramie, WY, USA.

pro frost
phycon
;picture taken 20200313 9 AM, 15 UTC; northeast Laramie region
;Observations for LARAMIE GEN. BREES, WY (LAR) ASOS
;LAR 13/0853 1012.7 1014.6 -6 -6 100 150 9 1315028 6.4 OVC003 FG
print , 1.00 *es(-6+!Tko )/ ei (-6+!Tko ), format = '(f10.2 )
end
1.06
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PRECIPITATIONPROCESSES M 221

Water droplet Ice crystal

Temperature, —15°C

High vapor pressure : : Low vapor pressure

FIGURE 9.6 The ice-Crystal process. The greater vapor pressure
around the liquid droplets causes the ice crystals to grow by diffusion as .
water vapor molecules move from the liquid droplets toward the ice
crystals. Theice crystals absorb the water vapor and grow larger, while
the water droplets grow smaller. -
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Bergeron, 1935

https:// en. wikipedia.org/ wiki/ Tor _Bergeron

TorerBgemaode obserfvatliommds 1 n c.oaksitsalo bSscearnvda tniaovnisa | ¢
di scovery sabevuol crygygtadspueer pcd obdedesdn a wsanrge f r om
Bergeronbse tplagede.sgchrtispt i owo osdthesaptriognosti cmaayi e
cl oaundplr eci pmad che li ©.n

The saturatiomnsidea warm
cloud (T > 0°C). This
saturatioris the ratioof
actual vapor pressure and
saturation vapor pressure
ona surface ofiquid water.
This saturation isappliedin

e it b il modelling ofthegrowth of
e, [ ol i the clouddroplets;
T : - o Bk L .-":.l-."- *
LA RN RSIAR R _ e
L ..n"‘t‘.l'.,ru_.ait'- e SRR a L S=——
‘_ﬂ Ty -.%;1‘.. = . 'C‘.I = .raﬁ i
e D T L - e T
X EH*- SUSES (T)
G

The saturatiomsidea cold
(supercooledgloud (T <0
°C). This saturations the

ratio

of actual vapor pressure and
saturation vapor pressuoe a
surface ofice. This saturation
is applied in modelling ofhe
growth ofice crystas:
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Here i1 s the gr abprhakxl. btheuhocnr setart aetde si fa fhaent theed 1 fo avdi eggidi fdt e mp e PGhtausr ea <v aC
presbargramatsur fodcatcet he same tTehmpse ri ast wsnhed withé N | e gtelxec eleafstangi t y a

temper aftQur dbseothcreases with deThiesasi sgshemperehbtubhe.right

241 120 7 7
N [ L
A :
= V
o |
z 107
O j .
A = 11} 1
S L
Q I
S 8
> V
o |
T [ :

O A S T T N S S S AN ST SO S S AN A W' l* 1.0 | | | | | | | | |

20 -10 0 10 20 0 -10 -20
Temperature, °C Temperature, °C

ATSC501. Revsion 2024b Page66



v,%:ﬁ ,&,‘5 B NI ey ey EA
Fic. 6.6. Examples of complex ice crystal habits. (a) Bullet rosette (C2a); (b) capped column
(CP1a); (c) bullet rosette with plates (CP2a) (courtesy of C.A. Knight).
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Bergeron processequations(seeProblem 10for details)

—=U Egn.
dt q
d__ g P g Eqn.
dt Rg O

U1 s on Eqn.
dt - r é(_ GQS @ohler) q
dv\/[ _ o o dr Ean
a0 0ro] "
R -1 & Gcos a Eqn.
dt R rai

dwy . . dR

— L =4 . %_1 E n.
at o B QaR at q
ar_ g i + Ly dwa  Lg .dw

Eqgn.

Eqn.

Eqgn.

0- Prognostic for z

1- Prognostic for p

2- Prognostic for {droplet MM equation)

3- Prognostic fotiquid water mixing ratio

4- Prognostic for R(crystal MM equation)

5 Prognostic foice mixing ratio

6- Prognostic for T

7- Prognostic foiS

8- Prognostic for S
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Variable map for the Bergeron ProcessM odel (seeProblem 10for details)

< % o - (o ™ < To) © N~ ©
S 1255181515151 |5 &
= S w L L L L L L L L
0 z

1 p X

2 r X X

3 wi

4 Ri X X

5 Wi

6 T X X X
7 S X X
8 Si X

Bergeron processderivative function

function derivative_cloud_droplet_bergeron 1 X
G 1/7( v (x[ eD™ 2/( IKcon *IRv *x[ 6] 2)+ 1/( IDiff *rho v s | (X[ 6]))

Gi = 1/7( Is (X[ 6D 2/( 'Kcon *IRv *x[ 6] 2)+ 1/( IDiff *rho v s i (X[ 6]))

w = lwtot - X[ 3] - X[ 5]

dz dt = U

dp_dt = -lg *(x[ 1)/( 'R *x[ 6])* U

dr_dt =( X[ 2D*(  1/'rhol)*G*(x[ 71 - 1d - l'kohler_a [/x[ 2]+ !'kohler_b /x[ 2]" 3)
dwl_dt = 4*1pi *Irhol *lalpha *x[ 2] 2*dr_dt

dRi_dt =¢( X[ 4D*(  1/'rho_ai)*Gi*(X[ 8] - 1d)

dwi_dt = 4*Ipi *Irho_ai  *lalphai *x[ 4]* 2*dRi_dt

dT_dt = -(!g 'Cpd)* U + ( Iv (x[ 6])/!Cpd)*dwl_dt + ( Is (X[ 6])/'Cpd)*dwi_dt

ds_ dt = -lg *IU/( 'R *Xx[ 6]) - (1/w)*(dwl_dt + dwi_dt) -

(v (X[ 6])/( 'Rv*x[ 6] 2))*dT_dt

dSi dt =( es(x[ 6])/ el (X[ 6])*(dS_dt+ x| 7% v (x[ 6] -

Is (X[ 6]))*dT_dt/( IRV *x[ 6]" 2))

return , [dz_dt, $
dp_dt,
dr_dt,
dwl_dt,
dRi_dt,
dwi_dt,
dT_dt,
ds_dt,
dsi_dt]

hrernPe

end
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Resul tt hBee ognéPr oo dePlr olbl pm dyest al coumat= MAIOKKkixddd r ¢

U= 1.00 P,= 7.00e+004 T,=256.15 o= 1.00e+008 1y, = 3.00e-008 o= 2.00e+004 r,,= 1.00e-005
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Resul tt hBee ognéPr oalac de | (Pnobtfehps i@l coumat= @ioXkigdd r a

U= 1.00 P,= 7.00e+004 T, =256.15 o= 1.00e+008 ry, = 3.00e-008 oy = 8.00e+004 r,,= 1.00e-005
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Furt hergatnivoenstof t he (FPegroddreon 1Pr anas eyond)

Wemo detllreel Berger on procesisnaviiiiodcu dle B g th selrosnmpboi soen
of airl mnlde gitcheo rme waerdls t | unateeendp e o & hsepr hee rVBe  duisdtniigh i s

met ek d calccluoluadt ed rao p | eAtdd sf fteer nepnecrea m osta i t Istgplihéesr erpfoa c
i sett hteseat uvatpioon (de(f$)i t Yhe t & mp drhd tsut(fghinsnstphéesr e

temperSdataurte .ngaiwet hofit meew ftlo étrhneo d yanrmadnmi appl yi ng bound
we modes$ pledebriemheep e nd e nt ,d rddikgenreattiucr ei c e h,uWda ltseomp e r

asser taeed etrhgeett s tcavisdpyeh d yr masonabl e .Appooxé quae n oa,

Ber gBrroocdescs@lp 5-76, i s thaalydkeeereadk&femrromul & hsepohdesroef

MM equar iiom any ot hRrro ediush tHeao Bsarf g err g @ weeisrp/aédsoee at o

crystal

Il n the MM acqguwdttiadnd forBdR pwet hsdere iseanttu raThios i s @
proper taysruorfr otuhned i g atnlle t oy atedlo B nt saturations tr
Procesdhe foll owdefti eg stawa s(fBsaind).Bo ahpw por t iaccrtaila |
vapporres(gJur € laesslesomver sely proportional to the appr

at atnhbeiteenmiper at ur e

e e

e(T) “e(M

| nsdldeuds campteaidmiomite tissnlawmmane ddt b pckoenttéreo | t h
ambiseanttunr at hoot her wor dsi,seigtulilst didds sauhme,dd avdrgalt & 5 $

t haemb iveanpto ri asft & gwea tdeart udln i bhaS s il mpnli iS5=eéB/ g The

f ol l owd nhgatteathfied @ pe rfeuenrctt, /ey al a& e & é e mp escaotl Wdreer t h
[0}

C.
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Temper e/ ie e ie
T (four sigmi|(t hsriegeni f is)c
-5 . 1.050 1.05
-10. 1.102 1.10
-15. 1.157 1.16
-2 0. 1.216 1.22
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Further Investigation of the BergeronProcesg(Problem 10 and beyond)

| nsdldecdst ai ni ngdrsoupplestcsootl &@lds grow at a rate w
rate of droplet growth. Tvmaissegne abfi cne c € e eemngis Iy auva | t

dropl et :

dR_1 d cg ¢ ar 14 cgs e
b Bl GASs & = ==& G4s 5,
dt R I,ai |q S ) dt r /,f Q ohler)
Assumi nfgfGR=,T&-10Csa= 1003(kag rreasonabl e esti mate

dens$=t yl)a@0RBonmertlh e cgyswahb@@ttairngeesr t h ang rtohwet hd rroapt!

Nowe s 8 tacdblodultouds c dC dbewatr mle ah3COObms er vati ons reve
Crysamadl sdraoogefltebrservedxiwst al conbeth webamiddpnesr acrueb i c
me t@ndr opl et cso niceeenwlebarnd®p ar c ublitc fmelttelowsd t b@an den
nucCEMNarledt @ Omor e abundant than ice nucl ei (I'N). T
particles (I NPs). This est itrhetsed amafty Hthel t0 oy U BB dr
mechani cal processes. i tlafee gy wepted | < op rl 0 dlu megd wid hh

sl ower f al)l ianrge dreenfderrirteeds t o as secondary i ce.
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Further I nvestigatien (®frobhemBdlOgaman bRyoana)

Observdtuidoreal of cl bddesO0°@Whaéarno hatsseadp erot & a toefdt ednr
domi nate both incoenms df shydsemetoaort hes ipaetva gruast
hydr ometBorh maksecovnatirang aoet he predicitCilomwhdast hcl
do not | catt diCr<raedl s o o Depraesi bl e explanation for
| i qutihde ifsolrlyosvitiant gmé dCh e t hcel poaurdea r roc & dbuate ggd o wgnoi ng- c | C
scale flow. Proibheens toifg a thid dsrnaf riyeevw ectadaii nm enigybcd cekd
upwdrhd ad ghu dt hbea scaviylslt ad sti nks f o Dewatheamogedinyr i hhs s

prewent alopléi vPartoibdnem 10 expl ores this topic.

Abovel eéuads e c o01°3a nalttehmme rOat ur e-1 @0, | diecrel bnheacn@é~a € n
domi natingTlhphemneearse two heteroddgnmeecres nrguaanliiled teiad n
depositi offenecheéawad toamts oif s dtthee on of t he at mdsopher
f r e enzuicnlgeaantdi adne posi tAddi tnicd deelkliay e3n8€EH o kmy svti al s
homogemre®enaicnilgeatiitoms 1 mportant t o nnuoctleedabtéi aote ghuoi mo
t he prodaaecnecenumatati alg, r at het halad u d t drpd peligettnsd Saxu e
°C.Support for this comes & mavhollluaepisetsoogotta @arrn idme

temperatur e38Ccol der t han
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Growtdr opfscoblye.cthroom Roger s

Describing

and YawuPadgle 819 )oft hxei r

E oS 8
(offf ign - Coalescerice

v».l/

')V{}VJ ;

s

: . i T
) D*’ it %/é *‘“s;’fin[ flﬁdﬁiﬁhii}fiﬁ R
/Wg jinary cw/w’dz’“‘ﬁf
! D,vm.,,, L ra divg = R

,,,,,,,,,, ol Dv’ﬁfiei" Lo ding = -
AR, /M RIS AN AL RN SRS e - . o
T \/MAAM& @;[ cloudy air cwe ;f Z;j a ::/ngf;
) - (radius = ,@) it ime s ﬂi‘iﬁ» R
[ AV = TR ( L{fz-:“ﬁt ) AR g Mo
ETV\/ : ﬂw’ &éz\//{’d‘f?v’é‘ !S @?& j’f}*wmiff«{

m’e,s<:w ineg  The Hime _va 756 of f’éﬂﬁéf»f}f‘

of Hhe Jdvop vadius (d&/dE).
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Gr owt h

ofc dirlogct iboyn. Fr om Roger s JiaPhadgeYaas dfl 98 9)

Zoun —F @f K on I eollision <

| in Fleae ﬁ}@f; A+

R e YD ;,?/l W\\ d;" &: {;3 = \
— ;
(Ow(gmf?’a}vw @ﬂ‘a e/ﬁ(ff’ww
Eff ff“”?’?% c:f&@gpf@;f!s Wf?% \ o~;—~ Q/jx?cfvﬁw
~ Swiept y‘éif/eim,ﬁ i@f?iwef’*’%, S~ ,nf“’”/
L v and éf“’?@dé‘”
S 1] r‘"‘

Imwms@ a[ 7[/‘1‘:3 W@W c:zn;[ 7‘//261

cfx/o/p )7 7"?%'4@ Szlé’jp /f?’*

YTRZAR = ‘f; r>- AV kte)dr - zf(’/?r) :
‘ v / L._,v ro

v
<0uwff' @,;[ K on

Howr dmip  yvbwme v <collisions
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;:&am?es m’mfpim‘f
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Growth of drops by collection. Fri‘mgRo dermd &nd Y

Sub st fu {%Lw, i1 _the sulep £ Uolume

‘/ﬁ"?%ﬁi?

iu

2 TR (Up )+ A - ifr)dr- EGy)

llcance / Emj, C O wd gy —é&«z: ‘fwg Vea V“Vaﬁ?éﬂ’%%;wm@;
ﬁ 7 T

zi} si’Z ol VST IR g/p
At x N TReT T

@@,‘A% _ 1{(;3 z”? V@féjﬁhﬁff ?‘/@%é &?;j@f}

i s {
JdE NS YR F’”{gﬁjw} ﬁg{f} dy

dEi s ER L

f‘*‘”uif 7%5 a/mp f‘c:zc/fuj %Wé‘f J@m;f@y{;yg’ ,
é}‘éf?!’:f ha s ﬁlmw“"fw %w%{;‘:«w; g;f}ms Ca//f’f?/w“v?
z;g;‘ a I’;‘?ﬁ’k%?{“”f’”w" S/z'*’é? c,?f Q/VC% (/é"%S
"%@J 'plu /’:‘é(i‘c”e:)m;"i‘ 7‘::"2# C?e:sf/'%%: %ﬁw g:’sf
all m@wgﬂ’m@ 5126 S, wWe 17 ?f{;} vate

v,
gﬁ _ar {ﬁ4 wuy,},_,g{;?lw} re f’}{rf’;j dr
dt. .8 ; ¢
ai’ dma/ef‘
5'2’&?61
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Growth of drops Aystcion |letctalon. ( F9®%, Jour nal of

E(R,v)
Co ft }} ¢ ?f”‘ vl
1 JuLy 1995 . AUSTIN ET AL. ) ‘ 2343
v, 7%5 renin,

agreement with the autoconversion rate estimated by 4 :
continuous collection for a population of N, (cm™?)
droplets of mass M and radius r collecting similar cloud
droplets with constant efficiency E,:

A=N, %’ = Exr’N*MAV. (18)

1.0

0.8

efficiency E,
0.6

As expected, our autoconversion rates are qualita-
tively similar to, but lower than, those of Berry and
Reinhardt (by'a factor of 2 for r,, = 11 um, v = 0.3)
and are also more sensitive to the distribution variance.
Figure 14 also shows a parameterization from Liou and
Ou (1989) (following Chen and Cotton 1987) (solid
lines). The Liou and Ou parameterization uses (18) J ' ' LT T
with a collection efficiency of E, = 0.55, N = N,, and 20 30 4 5 60 70 a0 100
AV taken as the fall speed for cloud droplets smaller collector radius R (um)
than 20 um. With these parameter values (18) gives FiG. 15. Collection efficiency as a function of collector drop radius
autoconversion rates that are about 2.5 orders of mag-  for three cloud droplet sizes. Dotted line shows constant efficiency
nitude greater than Berry and Reinhardt, and 3.2 orders  E. = 0.6.
of magnitude greater than (15) for 10-um drone with

0.4

0.0
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From Rogers and Y

Growth of drops by collection.
f%fp;wmxésfmwfi@fg => ﬁ%&%‘;‘éﬁ&@wﬁ Growth %M.
Vil W >> U => U-Uu < U
B ¥ TR r [ 4
Al E (R f) 15 4{% fff%frffa??ef’ij! a
mmxff:m‘@
( See  previous  poge )
A V

R U E [ e3 upy) dr
A 3 t
all
@?&/35}5%?{
ﬁuﬂ-’“ﬁ
Recall eonliey @wmgwm« Ke : The
Micvophysical  defini fon of LWC
=2 |
WA 2Ty
Sa. o R iy B gy
dt 9h L
This is_the contauous, geourtn wﬁ
Collec hgm, gg}m%@w Vo

Page80
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Ca |l ctuil can

temperpteefudl oluidqui d
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Ri merdy s{ guhekagang lajupglbapherTilalni med c mMyisd m@tse rh a
5mmand the graupel dhe stmedleat brawgeobjldrcdesr mne &t
the rimed crystlpeisne gircdasnip.eels,uraentdaa en ei, n WY, USA.
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Gr aulpar tgircoliey r i(smiendr obbloemdedt ai | s

Prognostiequationfor pressure

dp _ .
W= 9 % (U Ou,).

Prognostieequationfor graupel size

aR_ LWC Ql— U\,
dt 4r

Here i s the equation for the g¢rreadipgeweeksl.pdfer mi nal

o 12
:a89rai 0 g2

u
i QE 3r.C, 2

Theg r a u peatilatios coefficien{ f ) is formulated as a function ofh e g r a u p graupeternsnal z e
speed via a Reynolds number (Re):

Re= 2r ,Ru,
m

f =0.78 +0.28 RH?

The graupel 6s air/ice density is assumed constan
r,= 300 kg n¥.

Graupeltemperaturés trackedin the model This isdone usinghenextequation Graupel temperature is

derivedat each time stefusingNEWTON) by applying the equation withprognosed/alues of pressure and

drop radiusand diagnosed values dbud temperaturesloud liquid water contenpand drop terminal speed.

0=f ([@4RD (O HT) 4 RK (T, § L Lwe Rp,
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Cal culoafgtri aouppaerltgircoomet h b.yhei mahgul ation tracks prop
(temperatur e, pressure, and c¢l| ouadn d itgeum pdefrwaathuerre m
graupde@dlt the end of~100h0e sc,a ltchuel sagtrfaoloprechh © u d rwaidti hu sa -

l1nmmand withspeé#dgima® Accordingly, the tihaan etrhd s
updraft speédr(olpex tlidd ssaucdki a chneossiendg VR landig,t dfe

prognosed c lamudd sparteusrsautreed,.Tahde abboattti ocm t phagnbeery a sois@ W s
temperature iIlargebhat ahei akbhhpeeraatrure of
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